Z--&gt;bb-bar in U(1)R symmetric supersymmetry. by Simmons, EH & Su, Y
UC San Diego
UC San Diego Previously Published Works
Title
Z--&gt;bb-bar in U(1)R symmetric supersymmetry.
Permalink
https://escholarship.org/uc/item/6gd242qw
Journal
Physical review. D, Particles and fields, 54(5)
ISSN
0556-2821
Authors
Simmons, EH
Su, Y
Publication Date
1996-09-01
DOI
10.1103/physrevd.54.3580
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
ar
X
iv
:h
ep
-p
h/
96
02
26
7v
4 
 1
1 
A
pr
 1
99
6
Z → bb¯ in U(1)R Symmetric Supersymmetry
Elizabeth H. Simmons1 & Yumian Su2
Dept. of Physics, Boston University,
590 Commonwealth Ave., Boston, MA 02215
June 11, 2018
PACS: 12.60.Jv, 13.38.Dg, 14.80.Ly
Abstract
We compute the one-loop corrections to the Z → bb¯ vertex in the
U(1)R symmetric minimal supersymmetric extension of the standard
model. We find that the predicted value of Rb is consistent with
experiment if the mass of the lighter top squark is no more than 180
GeV. Furthermore, other data combines to place a lower bound of 88
GeV on the mass of the light top squark. A top squark in this mass
range should be accessible to searches by experiments at FNAL and
LEP.
1email: simmons@bu.edu
2email: yumian@buphy.bu.edu
1 Introduction
This paper explores the phenomenology of the standard model’s minimal
supersymmetric [1] extension with a continuous U(1)R symmetry (hereafter
called the ‘MR model’)[2]. This model of low-energy supersymmetry has
a much smaller-dimensional parameter space than the minimal supersym-
metric model with a discrete R-parity (MSSM [3]). As a result, it has two
attractive features. First, the MR model makes specific predictions of the
values of a number of observables, such as the gaugino masses. In addition,
the MR model is free of the superpotential term µH1H2 and the soft super-
symmetry breaking terms Aφ3 that cause well-known theoretical difficulties
in the MSSM.
We focus, in particular on the recent measurements of Rb
Rb =
Γ(Z → bb¯)
Γ(Z → hadrons) (1)
which yield a value (Rb)exp = 0.2205± 0.0016 [4] that differs markedly from
the one-loop standard model prediction (Rb)SM = 0.2158, (mt = 174GeV)
[5]. The oblique and QCD corrections to the b-quark and hadronic decay
widths of the Z each largely cancel when the ratio is formed, making Rb very
sensitive to direct corrections to the Zbb¯ vertex – especially those involving
the heavy top quark.
Our work complements some recent papers on SUSY models with dis-
crete R-parity. The implications of the Rb measurement for the MSSM are
discussed in refs. [6], [7] and [8]. A region of the MSSM parameter space
that has some phenomenology similar to that of the MR model is studied in
[9].
The following section describes the MR model in more detail. We then
compute the vertex corrections to Rb in the MR model and find that the
result is within 2σ of the experimental value so long as the lighter top squark
is light enough (and the charged Higgs boson is heavy enough). Section 4
discusses additional constraints that place a lower bound on the mass of the
lighter top squark. The information that future experiments may yield is
studied in section 5; ongoing and upcoming experiments at FNAL and LEP
should be capable of confirming or excluding the MR model. The last section
briefly summarizes our findings.
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2 Minimal U(1)R Symmetric Supersymmetry
The model explored in this paper is the minimal supersymmetric extension
of the standard model in which R-parity is extended to a continuous U(1)
symmetry. The continuous R-symmetry is defined by assigning R charges
+1 to the superspace coordinate θ, +1 to matter superfields and 0 to Higgs
superfields. In terms of component fields, all ordinary particles carry zero R
charge while their superpartners have non-zero R-charge. The most general
U(1)R-symmetric Lagrangian is described by the superpotential
W = U cλU QH2 + D
cλDQH1 + E
cλE LH1. (2)
where each term has R = 2, and the quark and lepton superfields Q, U c, Dc,
L, Ec have the usual SU(3) × SU(2) × U(1) gauge interactions. Note the
absence of a µH1H2 term which would violate the U(1)R symmetry. The
most general3 soft supersymmetry breaking potential consistent with our
symmetries and a GIM-like mechanism to naturally suppress flavor-changing
neutral currents is:
Lsoft = m2H1H∗1H1 +m2H2H∗2H2 +m2QQ˜∗Q˜ +m2UcU˜ c∗U˜ c +m2DcD˜c∗D˜c +
m2LL˜
∗L˜ +m2EcE˜
c∗E˜c + BH1H2 + ...
(3)
where we neglect small Yukawa-suppressed corrections to the superpartners’
masses. Note the characteristic absence of gaugino mass terms (M = M ′ = 0)
and trilinear scalar terms (A = 0). For a more detailed description of the
model we refer the reader to [2].
The non-standard one-loop corrections to Rb considered in this paper
are of two kinds. One involves the charged-Higgs/top/bottom vertex; the
other, the chargino/stop/bottom vertex. They therefore involve the following
parameters: charged Higgs mass MH+ , chargino masses Mχ±
i
, stop mass
3 Since the U(1)R symmetry forbids Majorana gaugino masses, the model contains
an additional color octet chiral superfield to give a Dirac mass to the gluino. This field
appears only in the soft supersymmetry breaking potential. The gluino mass is relevant to
this work in that it renders the 1-loop correction to Rb from diagrams with internal gluinos
and bottom squarks negligible compared to the effects of the diagrams considered here.
We will therefore not mention the color octet superfield further. The effects of allowing
the gluino to be extremely light in a U(1)R-symmetric model will be considered in future
work.
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eigenvalues mt˜1,2 , stop mixing angle θ, and ratio of Higgs vacuum expectation
values tanβ. In the remainder of this section, we focus on those aspects of
the model that are directly relevant to determining the above parameters.
First we should discuss masses. The charged Higgs mass is given in terms
of the A0 mass as
MH±
2 = MA0
2 +MW
2, (4)
which implies that H± is heavier than W . The charginos’ masses are
Mχ˜±
1
=
√
2MW sin β (5)
Mχ˜±
2
=
√
2MW cos β. (6)
We will soon find that in this model the charginos are nearly degenerate with
the W bosons. As it is relevant to the limits we will ultimately set on the
top squark masses, we also note that at the one-loop level, the light neutral
Higgs boson has a mass of4
2M2h0 = M
2
Z +M
2
A + 2ǫ−
√
(M2Z +M
2
A)
2 + 4ǫ2
ǫ = 3g
2
16pi2M2
W
m4t log(
m2
t˜L
m2
t˜R
m4t
).
(7)
in the limit that tanβ → 1, which allows bottom squark contributions to be
neglected; the reason this limit is preferred will become clear shortly.
The values of the top squark masses are intimately connected to the
physics of the lightest superpartner (the photino). The photino is massless
at tree level but, together with its Dirac partner H˜γ (or H˜S in the notation
of [9], acquires a Dirac mass at one loop that is generated by the exchange
of left- and right-handed top squarks[2]
mγ˜ = 1.3GeV cotβ
(
mt
175GeV
)2 ∣∣∣∣∣ mt˜L
2
mt˜L
2 −mt2
ln
mt˜L
2
mt2
− mt˜R
2
mt˜R
2 −mt2
ln
mt˜R
2
mt2
∣∣∣∣∣ .
(8)
From the cosmological point of view, the present mass density is bounded
from above by Ωγ˜h
2 ≤ 1. This implies a lower bound on the cross section for
4In the MSSM, there are also contributions involving the coefficient µ of the H1H2
term in the superpotential and the coefficient A of the trilinear scalar operators in the
supersymmetry breaking terms. Those two coefficients vanish in the MR model because
of the continuous U(1)R symmetry.
3
photino annihilation, σγ˜ . Since σγ˜ grows as the square of the photino mass,
the result is a Lee-Weinberg [10] type of lower bound on the photino mass
m2γ˜ ≥


(
cos β
1.8GeV
)2
+
1
(6GeV)2
∑
i=1
q4i (
MW
mi
)4


−1
(Ωγ˜h
2)−1 (9)
where i runs over all squarks and sleptons of charge qi and mass mi such that
the corresponding quarks and leptons are the possible final states of photino
annihilation [2].
Since the photino cannot be massless, equation (8) implies that the top
squarks t˜L and t˜R can not be degenerate in the MR model. If one supposes t˜R
to be lighter than t˜L, then, for a given mass of t˜R, one will find a lower bound
on the mass of t˜L. For example, if mt˜R = 80(100) GeV, then mt˜L ≥ 280(400)
GeV. The top squark mass eigenstates t˜1 and t˜2 are related to t˜R and t˜L by
t˜1 = t˜R cos θ + t˜L sin θ
t˜2 = −t˜R sin θ + t˜L cos θ (10)
which defines the mixing angle θ. We find that in order for the stop mass
eigenvalues mt˜1 ,mt˜2 to be real, the stop mixing angle θ must be less than 10
degrees. Thus, in the MR model, t˜1 ≈ t˜R.
Finally, we need to discuss tanβ. We have already seen that the overall
scale of mγ˜ is of the order of 1 GeV. This makes the decay Z → H˜γH˜γ
possible, which in turn makes the Z invisible width larger than it is in the
standard model. The branching fraction of Z → H˜γH˜γ is suppressed by a
factor of cos2 2β relative to the standard model branching fraction for one ν
species, Z → νlν¯l. Thus we have
Γ(Z → invisible)
Γ(Z → νν¯) = 3 + cos
2 2β. (11)
The experimental limit on the number of light neutrino species [11], Nν =
2.983±0.025, therefore implies that at 95% c.l. tan β lies very close5 to unity:
0.88 < tan β < 1.14. (12)
5Since our purpose is determine whether the MR model is phenomenologically viable at
the weak scale without regard to its high-energy origins, we shall not impose the further
constraint tanβ > 1 which naturally appears in GUT-inspired models with radiative
electroweak symmetry breaking.
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The several parameters of the MR model are now essentially reduced to
two. The stringent constraint tanβ ≈ 1 forces the charginos to be approx-
imately degenerate with the W . The requirement that the photino not be
massless forces the top squark mixing angle to be less than 10◦; we take
θ = 0 throughout our calculations. When θ = 0, the superpartner of the
right-handed top quark, t˜R is identical to the light top squark mass eigen-
state t˜1; since only t˜R enters the loop affecting the Z coupling to left-handed b
quarks, Rb depends onmt˜1 but notmt˜2 . We are left with only two parameters
on which Rb will depend: MH+ and mt˜1 .
3 Z → bb¯ in the MR model
In order to test the MR model, we can separate contributions to Rb into
those occurring in both the standard and MR models and those additional
effects present only in the MR model. In the notation of refs. [12, 6],
Rb = Rb
SM(mt) +Rb
SM(0)(1− RbSM(0))[∇MRb ] (13)
∇MRb ≡ ∇bMR(mt)−∇bMR(0)
where Rb
SM(mt = 174GeV) = 0.2158 is the one-loop level standard model
prediction using a top quark mass of mt = 174 GeV, Rb
SM(0) = 0.220 is the
standard model prediction assuming a massless top quark [7], and ∇bMR(mt)
is the sum of the one-loop interference with the tree graph divided by the
squared amplitude of the tree graph. In the MR model, there are two rel-
evant types of non-standard one-loop vertex diagrams: those with internal
charged-Higgses and top quarks, and those with internal charginos and top
squarks. Their contributions to ∇bMR(mt) are proportional to ( mt√2MW tanβ )
2;
the details of the calculation are presented in the Appendix. Another type
of vertex diagram with internal neutralinos and bottom squarks makes con-
tributions proportional to (
√
2mb tanβ
MW
)2, which is negligible in the MR model
because tanβ ≈ 1; we omit these.
In figure 1, we plot ∇bH+ , the contribution from the H+ – t vertex di-
agrams to ∇MRb , as a function of MH±, when tanβ is taken to be 1, 0.9 or
1.1. The overall sign is negative and the value of ∇H+b shifts by 20% as tanβ
5
-0.009
-0.008
-0.007
-0.006
-0.005
-0.004
-0.003
-0.002
100 150 200 250 300 350 400 450 500
tanβ=0.9
tanβ=1.1
charged Higgs mass (GeV)
∇ bH
+
tan
β=1
.0
Figure 1: ∇H+b as a function of MH+ for mt = 174GeV and three values of
tanβ.
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Figure 2: ∇χ+b as a function of mt˜1 for mt = 174GeV, θ = 0◦, and three
values of tanβ.
6
0.217
0.2172
0.2174
0.2176
0.2178
0.218
0.2182
100 150 200 250 300 350 400 450 500
charged Higgs mass (GeV)
R
b
lower bound on Rb (95% c.l.)
tan
β=1
.0
tanβ=0.9
tanβ=1.1
Figure 3: Rb as a function of MH+ for mt˜1 = 100GeV.
varies from 1 to 1.1 or 0.9. Figure 2 shows the corresponding contribution
from χ – t˜ loops to ∇χ+b , as a function of the light top squark mass mt˜1 when
the mixing angle θ between top squarks is 0◦ (mt˜1 = mt˜R). The result is
positive, and the deviation due to a 10% shift in tan β is negligible.
Thus the net shift in Rb is due to a balance between the oppositely-
signed contributions from the two types of loop diagrams. In figure 3, we set
mt˜1 = 100 GeV and plot Rb as a function of MH+ for a range of tan β; we
can clearly infer a lower bound on the allowed value of MH+ at fixed mt˜1 .
Likewise, figure 4 shows the dependence of Rb on mt˜1 for MH+ = 500 GeV;
we can infer an upper bound on mt˜1 for fixed MH+ . In subsequent diagrams
we plot results only for tanβ = 1 and keep in mind that an increase of 10%
in tanβ corresponds to an increase of about 0.1% in Rb for given MH+ and
mt˜1 .
Figure 5 shows how the experimental 95% c.l. lower bound on Rb sepa-
rates the MH+ vs. mt˜1 parameter space into allowed and disallowed regions.
Recall that the H+− t loop gives negative corrections to Rb, while the χ+− t˜
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Figure 4: Rb as a function of mt˜1 for MH+ = 500GeV.
loop gives positive corrections. Since the standard model prediction for Rb
lies well below the experimental lower bound, some positive contribution is
required to bring the MR prediction for Rb into agreement with experiment.
Hence, by taking the charged Higgs mass to infinity, one finds an asymptotic
upper limit on the light stop mass of 180 GeV at 95% c.l. The precise upper
bound on mt˜1 will be smaller than 180 GeV for any finite MH+ , due to the
negative contribution to Rb from the H
+ − t loop. For any fixed MH+ , the
corresponding upper bound on mt˜1 can be read from figure 5.
4 Constraints from other extant data
Combining the information gleaned from Rb with other experimental data
yields additional constraints on the MR model.
First, we can use the lower bounds on the mass of the light neutral Higgs
(h0) boson to set a limit on mt˜2 . Recall that the h0 mass depends on the
product of the top squark masses at the one-loop level. Thus for a given light
top squark mass, the heavier the heavy stop, the heavier the neutral Higgs.
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Figure 5: Rb sets constraints on the model’s parameter space. The lower
right region is allowed, while the upper left region is excluded, at 95% c.l.
For a given charged Higgs mass, there is an upper limit on the mass of the
light stop.
Then by setting the light top squark’s mass to the maximum value of 180
GeV and using the lower bound of 56 GeV 6 that ALEPH [13] sets on the h0
mass in the MR model, we find that mt˜2 ≥ 0.7 TeV. If the mass of the t˜1 is
less than 180 GeV, the lower bound on mt˜2 increases accordingly.
The information on the masses of the top squarks provides limits on the
photino mass, which depends on the masses of both top squarks at the one-
loop level. To maintain naturalness, the masses of the sparticles should be
of the order of a TeV. If the mass of the heavy stop lies between 0.7 and 10
TeV, the photino mass is between 2.5 and 10 GeV.
This is very helpful because both D0 [14] and the LEP Collaborations have
set limits on the allowed region of the mγ˜ vs.mt˜1 plane. For the narrow range
of photino masses allowed in the MR model, these experiments essentially
6The limit lies between those on the standard model Higgs and on the MSSM Higgs
because the strength of the ZZ∗h coupling lies between the extremes of the other two
models. The ZZ∗h coupling is proportional to sin (β − α) where α is the mixing angle
that diagonalizes the neutral Higgs mass matrix. Throughout the parameter space of the
MR model, sin2(β − α) is greater than about 0.75; it can take on smaller values in the
MSSM and is 1.0 in the standard model.
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Figure 6: The upper limit on the light stop mass deduced from Rb (see
Figure 5) is compared with D0 and LEP results. Preliminary L3 data also
excludes the window around mt˜1 = 45 GeV.
constrain the light stop mass to take values only in the ranges: (0 – 12 GeV),
(44 GeV – 46 GeV), and (88 GeV – 180 GeV). This is shown in figure 6.
A closer look then excludes the case 0 ≤ mt˜1 ≤ 12 GeV. If the t˜1 is this
light, then in order for the h0 mass to exceed the LEP lower bound of 56
GeV, the heavy stop would have to be heavier than about 24 TeV. As a result,
the stop mixing angle would be almost precisely zero. The combination of
such a light t˜1 and such a small mixing angle has already been ruled out by
OPAL [15]. The mass of the t˜1 in the MR model must therefore lie in one of
the upper two allowed ranges.
In fact, preliminary results from the L3 Collaboration based on the recent
LEP run at a center-of-mass energy of 130 – 140 GeV show no signs of a top
squark in the mass range below about 50 GeV[16]. It is therefore likely that
the middle mass range for t˜1 in the MR model is also excluded.
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5 Future experimental input
We now briefly discuss several measurements that may provide useful infor-
mation on the MR model in the future. These run the gamut from precision
measurements to searches for new particles.
5.1 b→ sγ
Since a light top squark could have an appreciable effect on the branching
ratio for b→ sγ, we compare the ratio measured at CLEO with that predicted
by the MR model. The branching ratio of b→ sγ measured in CLEO [17] is
BR(b→ sγ) = (2.32± 0.57± 0.35)× 10−4.
The MR model predicts a branching ratio within 2σ of the CLEO result
whenever the light stop weighs in the regions of (44 GeV – 46 GeV) and
(88 GeV – 180 GeV). Until future experiments reduce the errors on the
b → sγ branching ratio, this particular quantity will not help constrain the
MR model.
5.2 t→Wb
The relatively light mass of the t˜1 in the MR model makes it possible for
the top quark to decay to a top squark and a neutralino. As a result, the
branching ratio for the standard top quark decay mode BR(t→Wb), which
is approximately 100% in the standard model, would be only 70 – 80% in
the MR model. The limits on this branching ratio from CDF data [18] are
not strong enough to constrain the MR model – yet.
5.3 Rb
Once all of the 1994 – 5 data from LEP are analyzed, the precise experi-
mental limits on Rb may shift. The potential consequences for the MR model
are quite interesting.
Figure 7 shows contours corresponding to several values of Rb near the
current experimental 2σ lower bound. These curves imply that while the
value of Rb in the MR model is consistent with the present experimental value
of Rb, the theoretical prediction generally lies well below the experimental
central value of 0.2205 [4].
As a result, the size of the allowed parameter space of the MR model
depends sensitively on the experimental determination of Rb. Clearly even
a very small downward shift in the central value of Rb would allow mt˜1 to
11
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Figure 7: Contours of constant Rb in the (MH+ , mt˜1) plane. The size of the
MR model’s allowed parameter space and the upper limit on mt˜1 are quite
sensitive to the value of the lower bound on Rb. The lower limit mt˜1 ≥ 88
GeV derived from D0 and LEP data is shown for comparison.
be heavier than 180 GeV. On the other hand, an upward shift in the central
value or an improvement in the errors on the current central value of Rb
could reduce the upper bound on mt˜1 to a value below 88 GeV – i.e. into
the region already excluded by D0 and LEP.
12
5.4 searches for light top squarks and h0
Searches for top squarks in the D0 and CDF experiments should explore
the remaining parameter space of the MR model. For example, the mass
range mt˜1 ≥ 88 GeV can be probed by seeking top squarks in the decay
channels t˜ → χ±b, in addition to the t˜ → cγ˜ channel already explored by
D0. The upcoming experiments at LEP II will also be sensitive to part of
the allowed mass range for light top squarks.
In addition, combining our upper bound on mt˜1 and the ‘naturalness’
upper bound on mt˜2 with equation (7) implies an upper bound of ∼ 90 GeV
on Mh0 . Searches for h
0 are discussed in ref. [2].
6 Conclusion
By considering the value of Rb predicted by minimal U(1)R symmetric super-
symmetry, we have shown that this model is consistent with experiment so
long as the light top squark weighs no more than 180 GeV. Other considera-
tions, including top squark searches at LEP and D0, further restrict the top
squark mass to satisfy mt˜1 ≥ 88 GeV. The light top squark of the MR model
should therefore be accessible to D0, CDF and the LEP II experiments.
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Appendix
This appendix contains more detail on the calculation of the shift in Rb. We
take the explicit formulas from ref. [12]. For the reader’s convenience, we
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list the formulas below; note that we set mb to zero in our calculations since
tanβ = 1 in the MR model. Starting from equation (14)
Rb = Rb
SM(mt) +Rb
SM(0)(1− RbSM(0))[∇MRb ]
∇MRb ≡ ∇bMR(mt)−∇bMR(0)
we can separate ∇MRb into the pieces contributed by the diagrams with
charged Higgs bosons and by those with charginos
∇bMR = ∇bH+ +∇bχ+ (14)
where
∇bH+ = ∇bH+(mt)−∇bH+(0)
∇bχ+ = ∇bχ+(mt)−∇bχ+(0) (15)
The functions ∇bH+(m) and ∇bχ+(m) are each of the form
∇b(m) = α
4π sin2 θW
[
2vLFL(M
2
Z , m) + 2vRFR(M
2
Z , m)
v2L + v
2
R
]
, (16)
where
vL = −
1
2
+
1
3
sin2 θW , vR =
1
3
sin2 θW . (17)
Explicit expressions for the functions FL,R are given below; those for diagrams
with internal Higgs bosons are first, followed by those for diagrams with
internal charginos.
The contributions from diagrams with internal charged Higgs bosons are
(see figure 8 for the meaning of the superscripts on the FL,R)
F
(a)
L,R = b1(MH+ , mt, m
2
b)vL,Rλ
2
L,R,
F
(b)
L,R =
([
M2
Z
µ2
R
c6(MH+ , mt, mt)− 12 − c0(MH+ , mt, mt)
]
v
(t)
R,L
+
m2t
µ2
R
c2(MH+ , mt, mt)v
(t)
L,R
)
λ2L,R,
14
Figure 8: One-loop Feynman diagrams contributing to the renormalization
of the Zbb¯ vertex. The external gauge boson is a Z0; the external fermions
are b quarks. The internal [fermion, scalar] is either [t, H+] or [χ+, t˜]. The
labels (a), (b), (c) on the diagrams correspond to the superscripts on the
functions FL,R discussed in the Appendix.
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F
(c)
L,R = c0(mt,MH+ ,MH+)(
1
2
− sin2 θW )λ2L,R, (18)
where
v
(t)
L =
1
2
− 2
3
sin2 θW , v
(t)
R = −
2
3
sin2 θW , (19)
λL =
mt√
2MW tan β
, λR =
mb tanβ√
2MW
,
and µR is the mass scale which arises in dimensional regularization.
The contributions from the diagrams with internal charginos are
F
(a)
L,R =
∑
i=1,2
∑
j=1,2
b1(m˜j,Mi, m
2
b)vL,R
∣∣∣Λ(L,R)ji ∣∣∣2,
F
(c)
L,R =
∑
i=1,2
∑
j=1,2
∑
k=1,2
c0(Mk, m˜i, m˜j)(
2
3
sin2 θW δij −
1
2
T ∗i1Tj1)Λ
L,R
ik Λ
∗L,R
jk ,
F
(b)
L,R =
∑
i=1,2
∑
j=1,2
∑
k=1,2
([
M2
Z
µ2
R
c6(m˜k,Mi,Mj)− 12 − c0(m˜k,Mi,Mj)
]
OR,Lij
+
MiMj
µ2
R
c2(m˜k,Mi,Mj)O
L,R
ij
)
ΛL,Rki Λ
∗L,R
kj ,
(20)
where
ΛLij = Ti1V
∗
j1 −
[
mt√
2MW sin β
]
Ti2V
∗
j2, Λ
R
ij = −
[
mb√
2MW cos β
]
Ti1Uj2, (21)
Mi are the chargino masses, m˜i are the stop mass eigenvalues, and,
OLij = − cos2 θW δij +
1
2
U∗i2Uj2, O
R
ij = − cos2 θW δij +
1
2
V ∗i2Vj2, (22)
T =
(
cos θ sin θ
− sin θ cos θ
)
, U =
(
0 1
1 0
)
, V =
(
1 0
0 1
)
(23)
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Note that in the limit where tanβ = 1 the matrices U and V need only satisfy
(U∗)−1V =
(
0 1
1 0
)
; for instance, the pair
U =
1√
2
(
1 1
−1 1
)
, V =
1√
2
(
1 1
1 −1
)
(24)
are also appropriate.
Throughout the preceeding, the b’s and c’s are reduced Passarino-Veltman
functions [19],
[b0, b1, b2, b3](m1, m2, q
2) =∫ 1
0 dx ln[−q2x(1− x) + xm21+(1− x)m22 − iǫ]/µ2R[− 1, x, (1− x), x(1 − x)]
[c0, c1](m1, m2, m3) =
∫
dxdydzδ(x+ y + z − 1) ln(∆/µ2R)[1, z]
[c2, c3, c4, c5, c6, c7](m1, m2, m3) =∫
dxdydzδ(x+ y + z − 1)(µ2R/∆)[1, z, z2, z3, xy, xyz],
(25)
where
∆ = zm21 + xm
2
2 + ym
2
3 − z(1 − z)m2b − xyM2Z − iǫ (26)
and we have corrected small typos in the definitions of b0, c6 and c7 as quoted
in ref. [12].
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